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Monthly collections of phytoplankton were supported by physical–chemical data and measures of chlorophyll a
concentrations in the search for particular environmental factors that could explain the constant presence of desmids in
a Mexican tropical lake, a characteristic not common among the phytoplanktic communities of Mexican lakes.
Samplings were taken from the water column in the deepest part of the lake (40m) and intensiﬁed in the metalimnetic
zone, whose establishment was monitored by observations of temperature and oxygen proﬁles. The general behavior of
Lake Zirahue´n was typical of warm monomictic tropical lakes at high elevation: a short mixing phase during the
hemispheric winter. The depth of ZMIX and Zeu revealed a well-illuminated epilimnion, suggesting that phytoplankton
communities are not likely to be light-limited. The oligotrophic nature of the lake is indicated by discrete
concentrations of inorganic nutrients, PTOT in the interval of 0.01–0.03mg l
1 and chlorophyll a between 0.23 and
3.98 mg l1. These characteristics together with a low concentration of calcium, deﬁne a lacustrine environment
different from other Mexican lakes, and one that could be suitable for desmids communities.
r 2005 Elsevier GmbH. All rights reserved.
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Lake Zirahue´n is one of the most well-studied
localities in Me´xico. The ﬁrst report of the lake was
made by De Buen (1943), and several decades later this
water body is still the subject of investigation by other
limnologists (Ordon˜ez, Pe´rez, Traconis, & Rojas, 1982;
Chaco´n-Torres & Muzquiz, 1991; Bernal-Brooks, 1988;
Bernal-Brooks & MacCrimmon, 2000a, b; Bernal-e front matter r 2005 Elsevier GmbH. All rights reserved.
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ess: rts@hp.fciencias.unam.mx (R. Tavera).Brooks, Da´valos-Lind, & Lind, 2002). Compared to
other Mexican lakes, the most notable limnological
characteristics of Zirahue´n are its depth, transparency,
and trophic state, which seem contradictory given the
accentuated industrial and agricultural use of the basin
and the unfortunate inﬂuence of household waste
(Bernal-Brooks & MacCrimmon, 2000b).
Considering the hydrobiological aspects of the lake,
the studies realized by De Buen (1943), Osorio-Taffall
(1941), Mendoza, Huerta, & Flores (1985) and Bernal-
Brooks (1988) have provided valuable information on
communities in this lake, though taxonomy or abun-
dance and variation of algal species has not been
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sistent in recording Chlorophyta as the most diverse
group (more than 40% of taxa), and particularly the
mention of the desmids as noteworthy. In the most
recent work (Alvarado-Villanueva, 1996), a total of 33
desmids were recorded, and the most frequently
appearing taxa were as follows: Staurastrum contortum
G.M. Smith (according to our study this corresponds to
St. smithii Teiling), St. leptocladum Nordstedt, St.
limneticum var. cornutum G.M. Smith, St. longiradiatum
W. West et G.S. West and St. paradoxum Meyen
(according to our study this corresponds to St. anatinum
Cooke et Willis).
Desmids are a common component of the phyto-
plankton in tropical lakes among the world (Barbosa &
Padisa´k, 2002). Zirahue´n is not the exception but, this is
not the case in other Mexican lakes (Garcı´a-Rodrı´guez
& Tavera, 2002; Koma´rkova´-Legnerova´ & Tavera,
1996; Koma´rkova´ & Tavera, 2003; Lind et al., 1992;
Oliva, Lugo, Alcocer, Peralta, & Sa´nchez, 2001; Osorio-
Taffall, 1941).
In the present work, we have veriﬁed the species
richness of the desmids and attempted to relate this
richness to the physical–chemical factors analyzed. The
constant presence of desmids in the phytoplankton
points to the existence of conditions sui generis in
Zirahue´n.Fig. 1. Lake Zirahue´n and its situation in the volcanic belt at
the Mexican ENE–WSW region. Morphometry after Ordon˜ez
et al. (1982) (sensu Bernal-Brooks & MacCrimmon, 2000a).Materials and methods
Study area
Lake Zirahue´n (N 191260, W 1011450) is a deep lake
located at 2075m asl in the Transversal Volcanic Axis of
the tropical zone in Me´xico (Fig. 1). The climate,
vegetation, and important characteristics of the lake and
the basin have been widely described in the literature
(Ordon˜ez et al., 1982; Garcı´a, 1990; Rzedowski &
Reyna-Trujillo, 1990; Pe´rez, 1991; Bernal-Brooks &
MacCrimmon, 2000 a, b; Bernal-Brooks et al., 2002,
among others). In the context of this study it is
important to mention that Zirahue´n is a lake of volcanic
origin (damming) that has been described as warm
monomictic with thermic stratiﬁcation from March to
November and mixing in December to February.
According to Chaco´n-Torres & Muzquiz (1991), values
of acidity and alkalinity in the lake indicate that the
carbon source in Zirahue´n is basically found in
bicarbonate form (63.8mg l1) with a total alkalinity
value of 1.0–1.5meq l1, and more commonly bound to
magnesium than to calcium. These authors indicate that
the cations follow the sequence: Mg2+4Na+4K+4
Ca2+4Fe2+, which is infrequent in lacustrine habitatsin Me´xico (Ramı´rez-Garcı´a & Va´zquez-Gutie´rrez,
1989).Sampling and measurements
Analyses were realized monthly during a 1-year
period from July 2001 to July 2002. The sampling site
was located near the Copa´ndaro shore of the lake, which
coincides with the deepest limnetic zone (Fig. 1). The
temperature of the water column was used as a criterion
to determine sampling depths. For the physical–chem-
ical analyses, the counting of phytoplankton and the
quantiﬁcation of chlorophyll (Chl a), water samples
were taken every 5m of depth with a van Dorn 3 L
bottle, except in the metalimnetic zone where samples
were taken every meter. Irradiance was measured with a
Kahl 268WA310 irradiometer. The vertical light at-
tenuation coefﬁcient (Kd) was determined according to
Kirk (1986). The following measurements were deter-
mined in situ with portable ﬁeld equipment: temperature
(Horiba ES-14); pH and conductivity (Conductronic
PC18) and dissolved oxygen (oxymeter YSI 51B).
Nutrients and ions (calcium and magnesium) determi-
nations were performed using spectrophotometric
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techniques of Hach (1997). Inorganic dissolved nutri-
ents, NH4
+, NO3
 and soluble reactive phosphorus
(SRP) as well as total phosphorous (Ptot) were
determined immediately after each collection with and
without ﬁltering the sample, respectively. Conservative
cations, calcium and magnesium, were measured on
three occasions during the course of the study. Samples
from the phytoplankton net (10 mm mesh-aperture) were
immediately ﬁxed in 2.5% formalin for later qualitative
analysis. Samples from the van Dorn bottle, which were
used for counts (250ml), were preserved in a 3% Lugol
solution. Quantiﬁcation of phytoplankton was realized
after allowing at least 15 days for sedimentation; 150ml
of sample were taken off without disturbing the bottom,
leaving the organisms concentrated in only 100ml.
Utilization of the Sedgewick–Rafter camera followed
the procedures described in the literature (American
Public Health Association (APHA), 1992), with magni-
ﬁcations of 160–200 and a Carl Zeiss, Jena Docuval
BA-2 microscope. Counts were performed on samples of
1ml until either 15 random transects were completed or
400 individuals were counted for the most abundant
species. All organisms (unicellular, ﬁlamentous, or
colonial) were counted as number of algal units per
volume (density). Quantiﬁcation of chl a was made
using 150ml taken from the same van Dorn bottle and
ﬁltered immediately in the laboratory (Whatman GF/F
+ 47mm; pore 0.7 mm). Filters were stored frozen in a
dry location with silica gel and protected from light until
processing. Pigment extraction was realized by macerat-
ing the ﬁlters in a 90% acetone solution followed by
refrigeration for 24 h. The ﬂuorescence of the chl a
extract was measured in a Turner 10-AU ﬂuorometer,
using the EPA 445.0 method (United States Environ-
mental Protection Agency (USEPA), 2003). Due to the
irregular distribution of algae in the water column
during stratiﬁcation and to facilitate the comparison of
temporal variation, data of phytoplankton density andTable 1. Some of the physical and chemical factors (mean 7 SD
November 2001 and February to July 2002
Temperature (1C) Dissolved
Epilimnion 20.271.4 7.671.4
Metalimnion 17.971.3 3.872.5
Hypolimnion 16.670.4 1.971.5
NO3
 (mg l1) NH4
+ (mg
Epilimnion 0.0470.01 0.0370.0
Metalimnion 0.0770.04 0.0670.1
Hypolimnion 0.1070.06 0.1670.1
Kd (m1) ¼ 0.4370.11
ZEU (m) ¼ 13.173chl a were calculated as integrated values per area unit
(m2) (Lind, 1979). These values were integrated from
the surface to a depth of 25m—the greatest depth of the
epilimnetic layer and below the maximum reach of the
superﬁcial subaquatic radiation (Zeu ¼ 1% Io) during
the study. Determination of the phytoplankton biovo-
lume was based in the calculation of the volume
(appropriate geometric formula) of such species in-
volved in major contribution to density in the integrated
water column (mm3m2).Results
Physical–chemical data
Table 1 presents a summary of most of the factors
measured in the epilimnion, the metalimnion and the
hypolimnion during the stratiﬁcation in Lake Zirahue´n.
The epilimnenetic temperature had a minimum in the
cold (dry) season (January, 16 1C) and maximum in the
warm (rainy) season (June, 22.2 1C). Temperature at the
bottom had the minimum on January and February
(16.0 1C) and maximum on December (17.6 1C). The
minimum concentration of dissolved oxygen (DO) in the
water column was during stratiﬁcation in July–Novem-
ber (0.6–0.8mg l1) and the maximum (9.6mg l1) on
June, coincident with the maximum pH value. A
consistent oxycline was observed at depths of 10–15m
during April and gradually became deeper to 18–30m
by November. The relationship between the thermic and
DO proﬁles obtained in this study (Fig. 2), clearly
showed periods of stratiﬁcation and mixing.
Light penetration (Kd ¼ 0.27–0.54m1) reached its
maximum depth (19m) on March and its minimum
(9m) in the hemispheric winter. In the stratiﬁed period,
the depth of the euphotic zone (Zeu) was near the depth
of mixing (Zmix); the ratio Zeu/Zmix had a mean 41, n ¼ 11) during stratiﬁcation in Lake Zirahue´n, from July to
oxygen (mg l1) K25 (mS cm
1) pH (units)
12774 7.670.5
13475 7.070.6
14075 6.870.4
l1) SRP (mg l1) PTOT (mg l
1)
3 0.0170.01 0.0270.01
0 0.0170.01 0.0270.01
7 0.0170.0 0.0270.01
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Fig. 2. Data of some months illustrating depth proﬁles of temperature and dissolved oxygen. Thermocline and oxycline are clear in
those months when the lake is stratiﬁed.
Fig. 3. The depth of euphotic zone (ZEU) generally oversteps the ceiling of the metalimnion (ZMIX). Peaks of desmids were often
registered in the metalimnion.
V. Martı´nez-Almeida, R. Tavera / Limnologica 35 (2005) 61–6964(1.22), indicating that the mixing zone was well-
illuminated (Fig. 3), except from September to Novem-
ber when the epilimnion became deeper.
The annual maximum value of Ptot registered only on
March (0.03mg l1) situates Zirahue´n at the limit of
oligotrophy (Lewis, 1996).
Fig. 4 presents temporal variation of dissolved
nutrients as average concentrations up to 25m. This
shows availability for phytoplankton considering they
are suspended in the mixed layer most of the year. In
view of the temporal variations of stratiﬁcation and
mixing in Zirahue´n, the concentrations of nitrate and
ammonium ﬂuctuated inversely. Concerning NO3
 con-
centration decreased from 0.07mg l1 (July–August
2001) to 0.03mg l1 during turnover; after this progres-sively increased up to level of 0.09mg l1 (March)
and throughout the remainder of the stratiﬁcation
period decreased again up to 0.04mg l1 (June–July
2002). Ammonium steadily increased from July 2001,
reaching higher values (0.14mg l1) during turn-
over (January), later declining to levels below
0.04mg l1. The SRP generally remained below
0.01mg l1 and did not follow a particular seasonal
pattern; mean concentration of SRP had probably
higher variation than that of the nitrogen forms.
We found N:P ratio (by molar units) 416 in the
epilimnion from September 2001 to January 2002 and
on March, May and July 2002; N:P o16 on July
and August 2001 and N:P ¼ 16:1 on February, April
and June 2002.
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Fig. 4. Concentrations of dissolved inorganic nutrients in the
ﬁrst 25m of the water column in Lake Zirahue´n. Majority of
the year the lake may be limited by phosphorus (N:P 416).
V. Martı´nez-Almeida, R. Tavera / Limnologica 35 (2005) 61–69 65Magnesium was the predominant bivalent cation in Lake
Zirahue´n, reaching values of 0.64mgl1, an order of
magnitude greater than values for calcium: 0.04–0.06mgl1.Fig. 5. (a, b) Temporal pattern of integrated algal biovolume
in the ﬁrst 25m of the water column in Lake Zirahue´n. (c)
Temporal pattern of integrated chl a in the water column in the
ﬁrst 25m.Phytoplankton community and chl a
The phytoplankton in Lake Zirahue´n was dominated
year-round by the central diatom Cyclotella ocellataPantocsek, along with the desmids Staurastrum anati-
num; S. smithii; S. leptocladum and Cosmarium biocula-
tum Bre´bisson ex Ralfs as co-dominants.
Fig. 5 shows the main phytoplankton contributors in
terms of cell biovolumen (depth 0–25m). Biovolume of
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column during the study: from September to November
2001 and from January to March. The principal annual
peak of desmids was on February (4787 109 mm3m2).
On May 2002, biovolume of the cyanoprokaryote
Snowella cf. lacustris (Chodat) Koma´rek et Hinda´k
increased up to 1500 109 mm3m2 (Fig. 5b).
Based on the chl a concentration, 0.23–3.98 mg l1
Lake Zirahue´n is oligotrophic (Salas & Martino, 1991;
Lampert & Sommer, 1997). The values of Chl a
integrated in the water column up to 25m (Fig. 5c)
showed two elevated annual peaks from September to
November 2001 and on February 2002. Values of Chl a,
were particularly high in the ceiling and into the
metalimnion, showing that a deep chlorophyll max-
imum (DCM) was present during stratiﬁcation.
Desmids are the most diverse group in the phyto-
plankton of Zirahue´n (Table 2). This group has been
maintained in the column of this lake for the last 17
years (Table 3).Table 2. Number of taxa and rate of proportion (percent) in
the phytoplankton in Lake Zirahue´n from July 2001 to July
2002
Total number
of taxa
%
Heterokontophyta 14 23.3
Chlorophyta 36 60
Dinophyta 5 8.3
Cyanoprokaryota 3 5.1
Euglenophyta 2 3.3
Total 60 100
Desmidiaceae 17 47 (from Chlorophyta)
Table 3. Number of taxa of desmids recorded in Lake Zirahue´n fo
Genus Mendoza et al. (1985)
(number of taxa)
Alvara
(numb
Closterium 2 4
Pleurotaenium 1 1
Euastrum 1 1
Cosmarium 3 7
Micrasterias 3 3
Xanthidium 2 0
Staurastrum 7 13
Staurodesmus 2 (identiﬁed as Arthrodesmus) 1 (ide
Onychonema 1 1
Spondylosium 0 1
Hyalotheca 1 1
Desmidium 2 0
Total 25 33During the phase of circulation, the same densities of
desmids were found in practically the entire water
column: on December, 26,300–32,800 org l1 and
64,100–71,400 org l1 on January. During the stratiﬁca-
tion, density values showed that the populations of
desmids were consistently situated in the ceiling of the
metalimnion and some times into it (Fig. 3).
Punctual values of the total biovolume of the four co-
dominant species of desmids, at the deepest layer of
epilimnion and metalimnion (n ¼ 54) had a signiﬁcant
correlation (r ¼ 0:663) with punctual values of Chl a
from the same depths (Fig. 6).r the last 17 years
do-Villanueva (1996)
er of taxa)
Present study 2001–2002
(number of taxa)
3
0
0
2
0
0
9
ntiﬁed as Arthrodesmus) 2
0
1
0
0
17
Fig. 6. Correlation of deep epilimnetic and metalimnetic
values of chl a and biovolume of desmids in Lake Zirahue´n.
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During the majority of the year, Lake Zirahue´n
develops a clear thermic discontinuity (thermocline) in
the water column; in the months of December–January
the lake is completely mixed (Figs. 2 and 3). In contrast
to oligotrophic temperate lakes, the relatively high
temperature of the hypolimnion in the tropical and
subtropical ones affords optimal conditions for a high
rate of decomposition and a high consumption of
dissolved oxygen, which results in clinograde types of
vertical proﬁles (Esteves, 1988). The oxygen proﬁles in
Zirahue´n, as in many tropical lakes, are more pro-
nounced that the thermic proﬁles, including those
months with a small thermocline (Fig. 2).
According to our data we consider stratiﬁcation
started on February, when the thermal discontinuity
begins to form at depths of 5m. The thermocline reaches
its maximum temperature gradient of 4.9 1C on June.
Wind and the decreasing temperature on September
drive the epilimnion deeper, reaching a maximum of
25m on November (Fig. 3), before the mixing.
Another interesting characteristic of Lake Zirahue´n is
the ratio Zeu/Zmix, which implies that a signiﬁcant part
of the water column is well-illuminated (Fig. 3). Light
penetration varied in relation with climatic and biolo-
gical factors, reaching its maximum depth during the
advanced dry season coincidental with the lowest algal
density, and its minimum depth during the lower
irradiance hemispheric winter.
The concentrations of nitrate and ammonium ﬂuc-
tuate inversely (Fig. 4). In 2001 the nitrate was
decreasing in the upper 25m of the column, following
the increase in depth of the epilimnion up to the end of
the stratiﬁcation on November, probably because of
algal utilization. The increase of ammonium, in an
inverted scheme, may be related to the concurrence of
biological dissimilation of the epilimnetic nitrate and
regeneration from the hypolimnion. Even when the
bottom of this lake reached hypoxic levels (DO
o1mg l1) during stratiﬁcation, the upper 25m ana-
lyzed here probably did not undergo an important
denitriﬁcation. After the mixing of the column and while
stratiﬁcation established in 2002, consumption of
ammonium was higher than the nitrate’s which then
increased until the next summer when the level of
concentration of both nitrogen forms seemed to repeat
the pattern. Algae can take up either NO3

or NH4
+
but it
is well known that in the trophogenic zone ammonium is
rapidly assimilated and represents the most signiﬁcant
source of nitrogen for the phytoplankton in many lakes
(Liao & Lean, 1978).
Mean concentrations in SRP (Fig. 4) suggest that
phosphorus may not be enough when nitrogen is. Our
results show that in the majority of the year, the lake
could be limited by phosphorus (N:P 416), however,limitation of nitrogen (N:P o16) could occur few times
during stratiﬁcation. Indeed, Bernal-Brooks et al. (2002)
suggested that N and P govern Zirahue´n productivity by
co-limitation; variations of nutrients concentrations that
we have found may support this report. We agree with
these authors that Zirahue´n conform to the exception
reported by Caraco, Cole, & Likens (1991) as ‘‘a lake
that breaks the rules’’, because phosphorus is more
effectively retained in the sediments under their char-
acteristic low sulfate concentrations. They concluded
that a possible sulfate control onto phosphorus mobi-
lization might have an important inﬂuence on nutrient
limitation and phytoplankton production in this lake.
Annual patterns of phytoplankton seasonality are
usually dominated by hydrological (water input–output)
or by hydrographic features (water-column structure
and circulation) on the tropical zone (Talling, 1986).
Lake Zirahue´n exhibits two annual phytoplankton
maxima on February and in September–October. The
maximum on February occurs after circulation of the
water column and the maximum in September–October
occurs along with the increase of depth of the ZMIX.
Thus, both are related to the circulation pattern and the
structure of the column. This increase apparently makes
nutrients available from the hypolimnion, favored by
the latitudinal high regeneration-rate in the column and
the mixing pattern (Lewis, 1996; Tavera & Martı´nez-
Almeida, 2005). The increment of Snowella cf. lacustris
on May of 2002 is outside the phytoplanktic maxima
and it was unexpected precisely when the N:P ratio in
the system was elevated, since these organisms are
thought to be better nitrogen competitors than other
phytoplankton taxa (Blomqvist, Pettersson, & Hyen-
trand, 1994). Not all data reported in the literature are
consistent with this assumption (Smith & Bennett,
1999). For example, Healey (1982) pointed out that
N:P ratios might not always be a good predictor of
cyanobacterial dominance. As Snowella cf. lacustris
increased when the others depleted, there are probably
some particular advantages involved, for instance a little
requirement to phosphorus in comparison to the other
taxa (Figs. 4 and 5b).
The temporal trend in the concentration of Chl a in
the upper 25m of the water column, seems to be a
response to the variations of phytoplankton biovolume
(Figs. 5a-c). A deep chlorophyll maximum (DCM) was
observed during stratiﬁcation in the ceiling and into the
metalimnion together with an elevated biovolume of
desmids. Even if desmids are not the only group in the
column, their density at these depths could partially
explain such DCM since green algae have a high content
of chl a (Reynolds, 1984). The remarkable correlation
between Chl a and desmids (Fig. 6), suggests that at the
deep layers of the Zirahue´n mixed column, an important
proportion of Chl a may be explained as a function of
the biovolume of this group of algae. In oligotrophic
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directly connected with dissolved concentrations mea-
sured in the column (Frenette, Demers, Legendre,
Boule´, & Dodson, 1994), but still in the metalimnion
in Zirahue´n there is a trend to concentrate nutrients,
specially nitrogen (Table 1). This fact suggest that
desmids are supported in the ceiling of metalimnion by
nutrients resupply.
A particular feature of the phytoplankton in many
tropical waters is that desmids are the major non-motile
group (Barbosa & Padisa´k, 2002). Even though Mexico
is in the tropical zone, desmids are not common in its
lakes. In spite of phytoplankton in Lake Zirahue´n is
clearly dominated by Cyclotella ocellata, desmids are
important, favored by some hydrodynamic and chemi-
cal features of this lake. The atelomixis process must be
a key factor in keeping in epilimnetic suspension all
those phytoplankton species whose daily sinking ampli-
tude is smaller than the thickness of the epilimnion
(Barbosa & Padisa´k, 2002). Atelomixis may be also
important to explain the presence of desmids in
Zirahue´n (Tavera & Martı´nez-Almeida, 2005). More-
over, because light is one of the factors which determines
negative selection for algae with a high coefﬁcient of
sedimentation (Padisa´k, Soro´czki-Pinte´r, & Recenier,
2003; Tavera & Castillo, 2000), and desmids are a high
light-demand species (Reynolds, 1984), the column in
Zirahue´n is favorable selecting desmids as they may be
only sporadically limited by light (Fig. 3).
In the frame of favorable or limiting factors for
desmids, there are no clear indications of the direct
involvement of the ionic composition of lakes, though it
has been observed that high levels of calcium can affect
negatively the growth of some oligotrophic desmids
(Brook, 1981; Gerrath, 2003). If this susceptibility is
shared by species of desmids, probably explains why
Zirahue´n, with low calcium concentration, is the only
known Mexican lake where this group has been
constantly found, as calcium is commonly predominant
over magnesium in our freshwater environments (Ra-
mı´rez-Garcı´a & Va´zquez-Gutie´rrez, 1989). This points
to the relevance of analyzing in some detail the ionic
composition of tropical lakes and its relation to
phytoplankton; studies on phytoplankton generally
focus on factors that directly affect growth such as light
and nutrient concentrations. In a broader framework,
this type of information could deﬁne the limits of the
patterns that typify tropical lakes.Acknowledgements
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